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Abstract
Interplay between the spectator and participant matter in heavy-ion collisions is investigated
within isospin dependent quantum molecular dynamics (IQMD) model in term of rapidity
distribution of light charged particles. The effect of different type and size rapidity distributions is
studied in elliptical flow. The elliptical flow patterns show important role of the nearby spectator
matter on the participant zone. This role is further explained on the basis of passing time of
the spectator and expansion time of the participant zone. The transition from the in-plane
to out-of-plane is observed only when the mid-rapidity region is included in the rapidity bin,
otherwise no transition occurs. The transition energy is found to be highly sensitive towards the
size of the rapidity bin, while weakly on the type of the rapidity distribution. The theoretical
results are also compared with the experimental findings and are found in good agreement.
PACS numbers: 25.70.-z, 25.75.Ld
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I. INTRODUCTION
Since last many years, investigation about the nuclear equation of state (NEOS) at the
extreme conditions of density and temperature has been one of the primary driving forces
in heavy ion studies at intermediate energies. The interest in low energies, however, are for
isospin effects in fusion process [1, 2]. These investigations has been performed with the
help of rare phenomena such as multifragmentation, collective flow, particle production as
well as nuclear stopping [2–14]. The relation between the nuclear EOS and flow phenomena
has been explored extensively in the simulations.
Recently the analysis of transverse-momentum dependence of elliptical flow has also been
put forwarded [5, 6, 15]. The elliptical flow is shaped by the interplay between the geome-
try and mean field and, when gated by the transverse momentum, reveals the momentum
dependence of the mean field at supra-normal densities. The parameter of the elliptic flow
is quantified by the second-order Fourier coefficient [16]
v2 = < cos2φ > = 〈
p2x − p
2
y
p2x + p
2
y
〉, (1)
from the azimuthal distribution of detected particles at mid rapidity as
dN
dφ
= p0(1 + 2v1cosφ+ 2v2cos2φ+ .....), (2)
where px and py are the x and y components of momentum. The px is in the reaction
plane, while, py is perpendicular to the reaction plane and φ is the azimuthal angle of
emitted particles momentum relative to the x-axis. The positive values of < cos2φ >
reflect preferential in-plane emission, while negative values reflect preferential out-of-plane
emission. The pulsating of sign observed recently at intermediate energies has received
particular attention as it reflects the increased pressure buildup in the non isotropic collision
zone [17].
After the pioneering measurements at Saturne [18] and Bevalac [19], a wealth of experimen-
tal results have been obtained at Bevalac and SIS [5–7, 20] as well as at AGS [21], SPS [17]
and RHIC [22]. In recent years, the FOPI, INDRA, and PLASTIC BALL Collaborations
[5–7] are actively involved in measuring the excitation function of elliptical flow from Fermi
energies to relativistic one. In most of these studies, collisions of 79Au
197 + 79Au
197 is
undertaken. Interestingly, elliptical flow was reported to change from positive (in-plane)
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taken. negative (out-of-plane) values around 100 MeV/nucleon and maximum squeeze-out
is observed around 400 MeV/nucleon. These observations were reported recently by us
and others theoretically [5, 6, 12, 15]. A careful analysis reveals that elliptic flow is very
sensitive towards the choice of rapidity cut which makes the difference between spectator
and participant matter.
The elliptical flow pattern of participant matter is affected by the presence of cold
spectators [15]. When nucleons are decelerated in the participant region, the longitudinal
kinetic energy associated with the initial colliding nuclei is converted into the thermal
and potential compression energy. In a subsequent rapid expansion(or explosion), the
collective transverse energy develops [15] and many particles from the participant region
get emitted into the transverse directions. The particles emitted towards the reaction
plane can encounter the cold spectator pieces and, hence, get redirected. In contrast, the
particles emitted essentially perpendicular to the reaction plane are largely unhindered by
the spectators. Thus, for the beam energies leading to rapid expansion in the vicinity of
the spectators, elliptic flow directed out of the reaction plane (squeeze-out) is expected.
This squeeze-out is related with the pace at which expansion develops, and is, therefore,
related to the EOS. This contribution of the participant and spectator matter [15] in the
intermediate energy heavy-ion collisions motivated us to perform a detailed analysis of
the excitation function of elliptical flow over different regions of participant and spectator
matter. If excitation function is found to be affected by the different contributions it will
definitely, also affect the in-plane to out-of-plane emission i.e. transition energy.
The rapidity distribution is an important parameter to study the participant-spectator
contribution in the intermediate energy heavy-ion collisions [23]. In this paper, we will study
the effect of participant and spectator matters in term of different rapidity distributions on
the excitation function of elliptical flow. Attempts shall also be made to parameterize the
transition energy in term of different rapidity bins.
The entire work is carried out in the framework of isospin-dependent quantum molecular
dynamics (IQMD) [24]. The IQMD model is discussed in detail in the following section.
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II. ISOSPIN-DEPENDENT QUANTUM MOLECULAR DYNAMICS (IQMD)
MODEL
The IQMD model [11, 24], which is an improved version of QMD model [1] developed by
J. Aichelin and coworkers, then has been used successfully to various phenomena such as
collective flow, disappearance of flow, fragmentation & elliptical flow
[3, 8, 22, 23]. The isospin degree of freedom enters into the calculations via symmetry
potential, cross-sections and Coulomb interaction [11, 24]. The details about the elastic and
inelastic cross-sections for proton-proton and neutron-neutron collisions can be found in Ref.
[24].
In IQMD model, the nucleons of target and projectile interact via two and three-body
Skyrme forces, Yukawa potential and Coulomb interactions. In addition to the use of explicit
charge states of all baryons and mesons, a symmetry potential between protons and neutrons
corresponding to the Bethe- Weizsacker mass formula has been included.
The hadrons propagate using classical Hamilton equations of motion:
d~ri
dt
=
d〈 H 〉
d~pi
;
d~pi
dt
= −
d〈 H 〉
d~ri
, (3)
with
〈 H 〉 = 〈 T 〉+ 〈 V 〉
=
∑
i
p2i
2mi
+
∑
i
∑
j>i
∫
fi(~r, ~p, t)V
ij (~r′, ~r)
×fj(~r
′, ~p′, t)d~rd~r′d~pd~p′. (4)
The baryon-baryon potential V ij , in the above relation, reads as:
V ij(~r′ − ~r) = V ijSkyrme + V
ij
Y ukawa + V
ij
Coul + V
ij
sym
=
(
t1δ(~r
′ − ~r) + t2δ(~r
′ − ~r)ργ−1
(
~r′ + ~r
2
))
+ t3
exp(|~r′ − ~r|/µ)
(|~r′ − ~r|/µ)
+
ZiZje
2
|~r′ − ~r|
+t6
1
̺0
T i
3
T j
3
δ(~ri
′ − ~rj). (5)
Here Zi and Zj denote the charges of i
th and jth baryon, and T i
3
, T j
3
are their respective T3
components (i.e. 1/2 for protons and -1/2 for neutrons). The parameters µ and t1, ....., t6
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are adjusted to the real part of the nucleonic optical potential. For the density dependence
of nucleon optical potential, standard Skyrme-type parameterization is employed. The po-
tential part resulting from the convolution of the distribution function with the Skyrme
interactions VSkyrme reads as :
VSkyrme = α
(
ρint
ρ0
)
+ β
(
ρint
ρ0
)γ
· (6)
The two of the three parameters of equation of state are determined by demanding that
at normal nuclear matter density, the binding energy should be equal to 16 MeV. The
third parameter γ is usually treated as a free parameter. Its value is given in term of the
compressibility:
κ = 9ρ2
∂2
∂ρ2
(
E
A
)
· (7)
The different values of compressibility give rise to Soft and Hard equations of state. It
is worth mentioning that Skyrme forces are very successful in analysis of low energy
phenomena like fusion, fission and cluster-radioactivity.
As noted [25], elliptical flow is weakly affected by the choice of equation of state. On the
other hand, in the refs. [8, 23, 26], the hard equation of state is used to study the directed
as well as elliptical flow. For the present analysis, a hard (H) equation of state has been
employed along with standard energy dependent cross-section.
III. RESULTS AND DISCUSSION
For the present analysis, simulations are carried out for thousand of events for the reaction
of 79Au
197 + 79Au
197 at semi-central geometry using a hard equation of state. The whole
of the analysis is performed for light charged particles (LCP’s)[1≤ A ≤ 4]. The reaction
conditions and fragments are chosen on the basis of availability of experimental data [5–7].
As noted in Ref. [27], the relativistic effects do not play role at these incident energies and
the intensity of sub-threshold particle production is very small. The phase space generated
by the IQMD model has been analyzed using the minimum spanning tree (MST) [8] method.
The MST method binds two nucleons in a fragment if their distance is less than 4 fm. This is
the one of the widely used method in the intermediate energy heavy-ion collisions. However,
some improvements like momentum and binding energy are also discussed in the literature
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[8]. In recent years, more sophisticated and complicated algorithms are also available in the
literature [28]. The entire calculations are performed at t = 200 fm/c. This time is chosen
by keeping in view the saturation of the collective flow [8].
As our purpose of present study is to understand the effect of participant-spectator matter
on the excitation function of elliptical flow, one will concentrate on the rapidity distribution
only [23]. The important concept of spectators and participants in collisions was first intro-
duced by Bowman et al. [29] and later employed for the description of a wide-angle energetic
particle emission by Westfall et al. [30]. The two nuclei slamming against one other can be
viewed as producing cylindrical cuts through each other. The swept-out nucleons or partici-
pants (from projectile and target) undergo a violent collision process. In the meantime, the
remnants of the projectile and target continue with largely undisturbed velocities, and are
much less affected by the collision process than the participant nucleons. On one hand, this
picture is supported by features of the data [6] and, on the other, by dynamic simulations
[31]. During the violent stage of a reaction, the spectators can influence the behavior of
participant matter. Following the same, we are dividing the rapidity distribution in the
different cuts in term of Yc.m./Ybeam parameter, which is given as:
Y (i) =
1
2
ln
E(i) + Pz(i)
E(i)− Pz(i)
(8)
where E(i) and Pz(i) are respectively, the total energy and longitudinal momentum of i
th
particle.
As we are interested in studying the effect of rapidity distribution on the incident en-
ergy dependence of elliptical flow, one has to understand the dN/dY as a function of
Yc.m./Ybeam = Y
red at different energies. For this, in Fig.1, we display the rapidity distri-
bution for the light charged fragments (LCP’s) at different incident energies. The rapidity
distribution is found to vary drastically throughout the range from |Y red| ≤ 1.75.
This is indicating the compressed or participant zone around 0 value and decay into
spectator zone towards both side of the 0 value. However around 0 value, the region between
−0.1 to 0.1 is specified as mid-rapidity region in the Literature [6, 12]. The decay from
−0.1 towards negative side approach to target like spectator, while, other side is known
as projectile like spectator. Interestingly, these regions are found to affect drastically with
incident energy. With increase in incident energy, number of particles are increasing in the
region from −1.25 to 1.25, while decreasing away from this region on both side. The inset
6
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FIG. 1: The rapidity distribution dN/dY as a function of Yc.m./Ybeam at different incident energies
ranging from 50 to 1000 MeV/nucleon for light charged particles (LCP’s)[1≤ A ≤ 4]. The inset is
showing only one side of the rapidity distribution.
in the figure is showing the clear view of change in behavior around −1.25, which is also
true for other side also. The rapidity distribution is also used as thermalization source in
the literature many times [2]. On the basis of this, we have divided the rapidity distribution
in five different zones out of which three are with including |Y red| < 0.1(participant zone),
while other two are with excluding this region (target and projectile spectator).They are as:
(i) From -0.1 ≤ Y red ≤ 0.1 with increment of 0.2 on both side upto -1.5 ≤ Y red ≤ 1.5. (ii)
From 0 ≤ Y red ≤ 0.1 with increment of 0.2 on latter side upto 0 ≤ Y red ≤ 1.5. (iii) From
-0.1 ≤ Y red ≤ 0 with decrement of 0.2 the on former side upto -1.5 ≤ Y red ≤ 0. (iv) From
Y red ≥ 0.1 with increment of 0.2 upto Y red ≥ 1.5. and (v)From Y red < -0.1 with decrement
of 0.2 upto Y red < -1.5.
Let us now understand the effect of these rapidity cuts on the excitation function of elliptical
flow. In Fig.2, we present the excitation function of elliptical flow for the first condition.
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FIG. 2: The incident energy dependence of elliptical flow for LCP’s collectively for projectile as
well as target matter including mid-rapidity region. The different lines are at different size of the
rapidity bin, which includes the participant as well as spectator matter.
This condition is the mixture of the participant as well as spectator zone from projectile as
well as target matter. There are two points to discuss here. One is the change in the elliptical
flow with incident energy and other is to see the effect of bin size on elliptical flow. The
elliptical flow evolves from a positive value, rotational-like, emission to an negative value,
collective expansion, with increase in the incident energy. In other words, transition from
the in-plane to out-of-plane takes place. The energy at which this transition takes place is
known as transition energy. This transition is due to the competition between the mean
field at low incident energy and NN collisions at high incident energies. The incident energy
dependence of directed flow also show such type of transitions from negative to positive
value, which is know as balance energy [8]. After this transition, the strength of collective
expansion overcomes the rotational like motion [20]. This leads to increase of out-of-plane
emission towards a maximum around 400 MeV/nucleon. This maxima is further supported
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by the nuclear stopping at 400 MeV/nucleon [32].
Beyond this energy, elliptical flow decreases indicating a transition to in-plane prefer-
entially emission [21]. This rise and fall behavior of the elliptical flow in the expansion
region is due to the variation in the passing time tpass of the spectator and expansion time
of the participant zone [6]. In a simple participant spectator model, tpass = 2R/(γsvs),
where R is the radius of the nucleus at rest, vs is the spectator velocity in c.m. and γs
the corresponding Lorentz factor. Due to the comparable value of the passing time and
expansion time in the collective expansion region up to 400 MeV/nucleon, the elliptical flow
results an interplay between fireball expansion and spectator shadowing. In other words,
due to the comparable size of two times(the fireball expansion and spectator shadowing),
the participant particles which will come in the way of spectator shadowing are deflected
towards the out-of-plane and hence more squeeze out. However, in the energy range from
400 MeV/nucleon to 1.49 GeV/nucleon, tpass decreases from 30 to 16 fm/c (not shown here),
implying that overall the expansion gets about two times faster in this energy region [6].
This is supported by the average expansion velocities extracted from the particle spectra
[20]. In this case, corresponding to much shorter passing time compared to the expansion
time, the participant zone is affected by the shadowing of the spectator at very early times,
however no shadowing effect is observed at later time where expansion of the participant
matter is still happening. In other words, the participant particles at later times are not
blocked by the shadowing of spectator and hence decrease is observed in the out-of-plane
emission after 400 MeV/nucleon.
On the other hand, with increase in the rapidity region, the transition energy is found to
affect to a great extent. In literature, the balance energy using directed flow is also cal-
culated, but was over the entire rapidity Distribution [8]. The rapidity distribution affects
many phenomena in intermediate energy region like particle production, nuclear stopping
[2] and now the elliptical flow. The transition energy increases with rapidity region between
|Y red| ≤ 0.1 and |Y red| ≤ 1.5. With the increase in the rapidity region, dominance of the
spectator matter from projectile as well as target takes place that will further result in the
dominance of the mean field up to higher energies. After the transition energy, the collective
expansion is found to have less squeeze out with an increase in the rapidity region. In this
region, the spectator zone contribution along with participant zone starts to come in play.
As we know, the passing time for the spectator is very less compared to expansion time
9
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FIG. 3: Same as in fig.2, but the contribution for fragments is from the projectile like matter only.
All the bins includes mid-rapidity region.
of the participant zone, leading to the decreasing effect of the spectator shadowing on the
participant zone. The chances of the participant to move in-plane increases with increase
in the rapidity bin and hence less squeeze out is observed with increase in the size of the
rapidity bin. If one see carefully, no transition is observed after |Y red| ≤ 1.1. This is
due to negligible effect of the participant zone compared to the spectator zone. The inset
in the figure shows interesting results: the intersection of all the rapidity bins takes place
at a particular incident energy. Below and above this energy, incident energy dependence
of elliptical flow is changing the behavior with rapidity distribution. One can have a good
study of elliptical flow below and above this particular incident energy with variation in the
rapidity distribution.
In Fig.2, we had displayed the effect on the participant as well as spectator matter from
the projectile as well as target collectively including the distribution at |Y red| < 0.1. It
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FIG. 4: Same as in fig.2, but the contribution for fragments is from the target like matter only.
All the bins includes mid-rapidity region.
becomes quite interesting to study the participant and spectator matter contribution on the
incident energy dependence of elliptical flow for projectile as well as target matter separately.
For this, in Figs.3 and 4, the incident energy dependence of the elliptical flow are displayed
from the mid-rapidity to spectator zone for projectile and target matter. Both of the figures
are following the universal behavior of the in-plane to out-of-plane emission with increase
in incident energy, as is displayed in Fig.2. On the other hand, the effect of rapidity bins is
also quite similar as seen in of Fig.2.
If one observes the maximum squeeze out values in Figs. 2-4 around 400 MeV/nucleon,
it is found that less squeeze out is observed for projectile matter and spectator matter,
separately as compared to projectile and target matter, collectively. However, it is almost
same for the projectile or target matter, separately. This is obvious as when rapidity bin is
from 0 to 0.1 or -0.1 to 0, then participant zone is less compared to the region -0.1 to 0.1.
This can be further clarify from the Fig.1, where rapidity distribution for different bins is
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FIG. 5: Same as in fig.2, but the contribution for fragments is from the projectile like matter only.
All the bins excludes the mid-rapidity region. In this case, we move from participant+spectator
contribution towards spectator contribution.
displayed. This is true for all the bins under investigation. The effect of rapidity distribution
on the transition energy will be discussed later under different conditions.
One notices from the above figures that major contribution for elliptical flow comes from
the mid rapidity region. One is further interested to know the fall of elliptical flow if the
mid-rapidity region is excluded. For this, by excluding the |Y red| < 0.1 region, we have
displayed the incident energy dependence for projectile and target matter from participant
to purely projectile or target spectator matter in Fig.5 and Fig.6, respectively. The noted
behavior is entirely different compared to previous three figures. The differences are: (a)
The behavior of rise and fall in the elliptical flow at a particular incident energy is obtained
as were in the previous figures, but, no transition is observed from in-plane to out-of-plane
emission. Over all the incident energies, the value of elliptical flow remains positive, however,
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FIG. 6: Same as in fig.2, but the contribution for fragments is from the target like matter only.
All the bins excludes the mid-rapidity region. In this case, we move from participant+spectator
contribution towards spectator contribution.
some competition is observed at low incident energies around 150 MeV/nucleon. This is due
to the dominance of attractive mean field from the spectator matter, which restricts the
effects of participant zone.
(b) A higher value of in-plane flow is observed at high incident energies compared to low
incident energies upto Y red ≥ 0.7 in Fig.5 for projectile matter and Y red ≤ − 0.7 for
target matter, which is in contrast to the previous figures. This is due to the effect that at
low incident energies, the passing time of spectator and expansion time of the participant
and comparable, while, with increase in the incident energy, the passing time is found to be
decrease as compared to expansion time. This will reduce the shadowing effect at higher
incident energies on the particles of the participant zone, results in the enhanced in plane
flow. Moreover, more higher value of in-plane flow at higher incident energies as compared to
lower one is due to the absence of most compressible region from the region |Y red| ≤ −0.1,
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FIG. 7: (Color online) Comparison of the results of incident energy dependence of elliptical flow
including different rapidity bins with the experimental results of different collaborations [5, 6]. The
left hand side is for Z ≤ 2 particles, while, right hand side is for the protons.
which competes with the mean field of the spectator to a great extent.
(c) With increase in the rapidity region from participant and spectator (Y red ≥ 0.1 )to
purely spectator matter (Y red ≥ 1.5 ), the dominance of in-plane flow takes place upto
Y red ≥ 0.7 and after that suddenly fall in the in-plane flow takes place upto Y red ≥ 1.5 in
Fig.5, which is also true for the Fig.6. The fall in the in-plane flow after Y red ≥ 0.7 can be
explained with the help of the Fig.1. After this region, the contribution of the participant
is almost negligible and size of the spectator also decreases. Due to the decreasing size of
the spectator matter, the violence of the incident energy as well as short passing time of the
spectator, they start to fly out-of-plane, which were enjoying in-plane earlier due to their
heavier size. Hence, minimum in-plane flow is observed for Y red ≥ 1.5 where only 5-7
particles exist as is clear from the Fig.1. The same behavior is observed in the Fig.6.
Going through all the aspects of rapidity distribution, it is important to include the
mid-rapidity region |Y red| < 0.1 in the study of elliptical flow in heavy-ion collisions. In
order to compare the findings with the experimental one, one must have the transition
from in-plane to out-of-plane, which are observed in Figs.2-4. Moreover, more negative
14
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FIG. 8: The dependence of rapidity distributions on the transition energy. The transition energies
are extracted from Fig.2, 3and 4 for top, middle and bottom panels, respectively. The numbering
from 1to 7 is representing the different rapidity bin from the respective figures mentioned above.
All the panels are parameterized with the straight line interpolation Y = mX + C, where m is
the slope, displayed in respective panels.
values are observed in Fig.2 compared to other two one. From this discussion, it is fruitful
to compare the findings of Fig.2 with experimental findings of different collaborations.
This is displayed in Fig.7 for LCP’s (Z ≤ 2) and protons. The curves have the similar
trend as displayed in Fig.2. Interestingly, it is observed that there is a competition in the
rapidity bin |Y red| ≤ 0.1 and |Y red| ≤ 0.3. After that systematic deviation is observed in
the elliptical flow values from the data values with increase in the rapidity bin. There are
some deviation in the middle region in case of LCP’s between theory and data, while data
is well explained for the protons. From here, it is concluded that one can vary the mid
rapidity region from the |Y red| ≤ 0.1 to |Y red| ≤ 0.3 to get the better agreement with the
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experimental one. However, the discrepancy with the data for LCP’s can be reduced by
varying the isospin-dependent cross sections.
Last, but not least, the rapidity distribution dependence of the transition energy is displayed
in the Fig.8. The top, middle and bottom panels are representing the transition energies
extracted from Fig.2-4, respectively. The numbering from 1 to 7 in the figure is representing
the bin size from the respective figures. All the curves are fitted with straight line equation
Y = mX + C, where m is slope of line and C is a constant. The transition energy is
found to be sensitive towards the different bins of rapidity distributions. It is observed that
transition energy is found to increase with the size of the rapidity bin for light charged
particles. The necessary condition for the transition energy is that the mid-rapidity region
must be included in the rapidity distribution bin. It is also observed that no transition
energy is obtained when the rapidity distribution region extends away from |Yred| ≤ 1.1.
This is due to the dominance of the spectator matter, which enjoys in-plane as compared
to out-of-plane. The transition energy is found to be weakly sensitive towards the choice
of the different type of rapidity distributions (projectile-target or projectile or target)
while we have included the mid-rapidity region. However, transition energy is found to
disappear when mid-rapidity region is excluded. In other studies, system size dependence
of the transition energy is also studied by us and others for different kind of Fragments
[12]. Recently, we have studied the fragment size dependence of transition energy under
the influence of different equations of state, nucleon-nucleon cross sections etc [8]. These
studies were made at a fixed rapidity bin. The detailed analysis of the transition energy
with rapidity distributions has revealed many interesting aspects for the first time.
For more interest, in the near future, we are performing the comparative study of
different QMD and IQMD simulations. From the preliminary results, it is observed
that isospin content of the colliding partners (N/Z = 1.49) is supposed to playing the
appreciable role in the analysis of elliptical flow in intermediate energy heavy-ion collisions
in term of (i) closeness of the results with experimental findings of different collaborations
and (ii) effect on the elliptical flow with change in the rapidity bins. The detailed analysis
of these findings will be presented in the near future.
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IV. CONCLUSION
Within the semi classical transport simulations of energetic semi central collisions of
79Au
197 + 79Au
197 reaction, we have carried out a new investigation of the interplay
between the participant and spectator regions in term of rapidity distributions. The
maxima and minima in the incident energy dependence of elliptical flow is produced due
to the different contributions of passing time of the spectator and expansion time of the
participant. The shadowing of the spectator matter plays important role up to later times
due to the comparable magnitude of the passing and expansion time up to energy 400
MeV/nucleon, however at high energies, shadowing effect is dominant only at earlier times
due to the shorter passing time as compared to expansion time. The transition from
in-plane to out-of-plane is observed only when the mid-rapidity region is included in the
rapidity bin, otherwise, no transition is observed. The transition energy is found to be
strongly dependent on the size of the rapidity bin, while, weakly dependent on the type
of the rapidity distributions. The transition energy is parameterized with a straight line
interpolation. Comparison with experimental bin, reveals the competition is observed
between the rapidity bin of |Y red| ≤ 0.1 and |Y red| ≤ 0.3. To remove this discrepancy in
the middle region for LCP’s, one has to reduce the strength of nucleon-nucleon cross-section.
Acknowledgments
This work has been supported by the Grant no. 03(1062)06/ EMR-II, from the Council
of Scientific and Industrial Research (CSIR) New Delhi, Govt. of India.
[1] J. Aichelin, Phys. Rep. 202, 233(1991);G. Peilert, H. Stocker, W. Greiner, A. Rosenhauer, A.
Bohnet and J. Aichelen, Phys. Rev. C 39, 1402(1989).
[2] S. Kumar, S. Kumar and R. K. Puri, Phys. Rev. C 81, 014601 (2010); G. Lehaut et al., Phys.
Rev. Lett. 104, 232701 (2010); S. Kumar and S. Kumar, Chin. Phys. Lett. 27, 062504 (2010).
R. K. Puri, S. S. Malik and R. K. Gupta, Eur. Phys. Lett. 9, 767(1989); R. K. Puri and R. K.
17
Gupta, J. Phys. G: Nucl. Part. Phys. 18, 903(1992); R. K. Gupta, M. Balasubramanium, R.
K. Puri and W. Schied, J. Phys. G: Nucl. Part. Phys. 26, L23(2000). R. K. Puri and R. K.
Gupta, Phys. Rev. C 45, 1837(1992); R. K. Puri, P. Chattopadhyay and R.K. Gupta, Phys.
Rev. C 43, 315(1991).
[3] A. Le Fevre and J. Aichelin, Phys. Rev. Lett. 100, 042701 (2008); A. Le Fevre et al,Phys.
Rev. C 80, 044615(2009); Y. K. Vermani, J. K. Dhawan, S. Goyal, R. K. Puri and J. Aichelin,
J. Phys. G: Nucl. Part. Phys. 37, 015105(2010).
[4] G. D. Westfall et al., Phys. Rev. Lett. 71, 1986 (1993); M. B. Tsang et al., Phys. Rev. C
53, 1959 (1996); Y. M. Zheng, C. M. Ko, B. A. Li, and B. Zhang, Phys. Rev. Lett. 83, 2534
(1999); A. B. Larionov, W. Cassing, C. Greiner, and U. Mosel, Phys. Rev. C 62, 064611
(2000); B. A. Li, A. T. Sustich, and B. Zhang, ibid. 64, 054604 (2001); C. Alt et al., ibid.68,
034903 (2003).
[5] J. Lukasik, G. Auger, and M. L. Begemann-Blaich et al., Phys. Lett. B 608, 223 (2005).
[6] A. Andronic et al., Nucl. Phys. A 679, 765 (2001); Phys. Lett. B 612, 173 (2005).
[7] J. Lukasik, et.al., INDRA Collaborations, Int. Workshop on Multifragmentation and related
topics (IWM 2003) Caen, France (2003).
[8] A. D. Sood and R. K. Puri, Phys. Rev. C 69, 054612 (2004); Eur. Phys. A 30, 571 (2006);
A. D. Sood and R. K. Puri, Phys. Rev. C 70, 034611 (2004); S. Kumar, M. K. Sharma, R.
K. Puri, K. P. Singh, and I. M. Govil, ibid. 58, 3494 (1998), A. D. Sood, R. K. Puri, and J.
Aichelin, Phys. Lett. B 594, 260 (2004).S. Kumar and R. K. Puri, Phys. Rev. C 60, 054607
(1999); S. Kumar, S. Kumar, and R. K. Puri, Phys. Rev. C 78, 064602 (2008); Y. K. Vermani,
S. Goyal, and R. K. Puri, ibid.79, 064613 (2009); R. Chugh and R. K. Puri, Phys. Rev. C 82,
014603 (2010).
[9] L. W. Chen and C. M. Ko, Phys. Lett. B 634, 205 (2006); Phys. Rev. C 73, 014906 (2006).
[10] J. Singh, S. Kumar, and R. K. Puri, Phys. Rev. C 62, 044617 (2000); S. Kumar and R. K.
Puri, ibid.58, 1618 (1998).
[11] S. Gautam et al., J. of Phys. G 37, 085102 (2010).
[12] Y. Zhang and Z. Li, Phys. Rev. C 74, 014602 (2006).
[13] S. W. Huang, A. Faesseler, G. Q. Li, R. K. Puri, E. Lehmann, D. T. Khoa, and M. A. Matin,
Phys. Lett. B 298, 41 (1993); G. Batko et al., J. Phys. G: Nucl. Part. Phys. 20, 461(1994).
[14] M. Gyulassy, K. A. Frankel, and H. Sto¨cker, Phys. Lett. B 110, 185 (1982).
18
[15] P. Danielewicz, Nucl. Phys. A673, 375 (2000). T. Z. Yan et al., Chin. Phys. lett. 26, 112501
(2009).
[16] S. Voloshin and Y. Zhang, Z. Phys. C 70, 665 (1996).
[17] C. Adler et al., Phys. Rev. Lett. 90, 032301 (2003).
[18] M. Demoulins et al., Phys. Lett. B 241, 476 (1990).
[19] H. H. Gutbrod et al., Phys. Lett. B 216, 267 (1989).
[20] S. Wang et al., Phys. Rev. Lett. 76, 3911 (1996); D. Brill et al., Z. Phys. A 355, 61 (1996);
M.B. Tsang et al., Phys. Rev. C 53, 1959 (1996); N. Bastid et al., Nucl. Phys. A 622, 573
(1997); P. Crochet et al., Nucl. Phys. A 624, 755 (1997); G. Stoicea et al., Phys. Rev. Lett.
92, 072303 (2004).
[21] C. Pinkenburg et al., Phys. Rev. Lett. 83, 1295 (1999); A. Andronic et al., Eur. Phys. J A
30, 31 (2006).
[22] K.H. Ackermann et al., Phys. Rev. Lett. 86, 402 (2001).
[23] A. D. Sood and R. K. Puri, Phys. Rev. C 79, 064618 (2009).
[24] C. Hartnack et al., Eur. Phys. J. A1, 151 (1998).
[25] H. Y. Zhang et al., J. Phys. G: Nucl. and Part. 28, 2397 (2002).
[26] D. J. Magestro, W. Bauer, and G. D. Westfall, Phys. Rev. C 62, 041603(R) (2000); J. Singh
and R. K. Puri, Phys. Rev. C 62, 054602 (2000); A. D. Sood and R. K. Puri, Phys. Rev. C
73, 067602 (2006).
[27] E. Lehmann et.al., Prog. Part. Nucl. Phys. 30, 219 (1993); Phys. Rev. C 51, 2113 (1995).
[28] R. K. Puri, Ch. Hartnack and J. Aichelin, Phys. Rev. C 54, R28 (1996). P. B. Gossiaux, R. K.
Puri, Ch. Hartnack and J. Aichelin, Nucl. Phys. A 619, 379(1997). R. K. Puri and J. Aichelin,
J. Comp. Phys. 162, 245(2000).
[29] J. D. Bowman, W. J. Swiatecki and C. F. Tsang, Lawrence Berkeley Laboratory Report No.
LBL-2908, 1973 (unpublished).
[30] G. Westfall et al., Phys. Rev. Lett. 18, 1202 (1976).
[31] T. Gaitanos, H. H. Wolter, C. Fuchs, Phys. Lett. B 478, 79 (2000); J. Gosset, H. H. Gotbrod,
W. G. Meyer, A. M. Poskanzer, A. Sandoval, R. Stock, and G. D. Westfall, Phys. Rev. C 16,
629 (1977).
[32] W. Reisdorf et al., Phys. Rev. Lett. 92, 232301 (2004).
19
